The aim of the study is to investigate the impact on image quality of using monochromatic beams for lower dose breast tomosynthesis (BT). For this purpose, modeling and simulation of BT and mammography imaging processes have been performed using two x-ray beams: one at 28kVp and a monochromatic at 19keV at different entrance surface air kerma ranging between 0.16 and 5.5 mGy. Two 4cm thick computational breast models in a compressed state were used: one simple homogeneous and one heterogeneous based on CT breast images, with compositions of 50% glandular-50% adipose and 40% glandular-60% adipose tissues by weight, respectively. Modeled lesions representing masses and calcifications were inserted within these breast phantoms. X-ray transport in the breast models was simulated with previously developed and validated Monte Carlo application. Results showed that for the same incident photon fluence, the use of the monochromatic beam in BT resulted in higher image quality compared to the one using polychromatic acquisition, especially in terms of contrast. For the homogenous phantom, the improvement ranged between 15% and 22% for calcifications and masses, respectively, while for the heterogeneous one this improvement was in the order of 33% for the masses and 17% for the calcifications. For different exposures, comparable image quality in terms of signal-difference-tonoise ratio and higher contrast for all features was obtained when using monochromatic 19keV beam at lower mean glandular dose compared to the polychromatic one. Monochromatic images provide also better detail and in combination with BT can lead to substantial improvement in visualization of features and particularly better edge detection of low-contrast masses.
Introduction
Breast Tomosynthesis(BT) is a pseudo-three-dimensional (3D)x-ray imaging technique of the breast that reconstructs tomographic images from a set of angular projections taken in an arc around the breast (Niklason et al 1997) . The advantage of BT imaging over conventional mammography is the depiction of breast structures with a substantial reduction in tissue superposition. This technique is especially valuable for patients with breasts characterized as heterogeneously dense or extremely dense (Baker and Lo 2011) . Large scale clinical studies showed BT being valuable in evaluation of benign (cysts, fibroadenomas) and malignant masses, architectural distortions and asymmetries. Clinical studies with BT have shown the ability of this technique to improve the detection and characterization of suspicious lesions, especially low-contrast masses, at doses similar to the ones used in conventional x-ray twodimensional (2D) mammography (Dobbins 2009 , Poplack et al 2007 . At the same time, some tomosynthesis clinical studies have shown some problems when detecting small calcifications (Cs) while others have shown equivalent performance compared to mammography. Due to the limited number of projection images, the high-contrast Cs can cause artifacts that appear on other slices as multiple repeating outof-plane ghost images.
In general, average glandular doses for a single BT acquisition are reported to vary between 0.6 to 4.0 mGy (Feng and Sechopoulos 2012 , Poplack et al 2007 , Dobbins 2009 ). However, the radiation dose depends not only on the exam itself, but also on whether the tomosynthesis exam will be combined with mammography. As a screening technology, reducing the radiation dose required for BT acquisition with no loss or even improvement of image quality is always desirable. One way to obtain this is through the use of monochromatic beams with BT. In conventional mammography, the produced x-ray energies are in the interval 10 to 32 keV. Typically, molybdenum (Mo), rhodium (Rh) or tungsten (W) anodes are used in combination with Mo, Rh, aluminium or silver filters (Dance et al 2000a) . Although K-edge filtration and optimization of the x-ray tube parameters and spectrum are known to significantly reduce dose (Thilander-Klang et al 1997 , Bernhardt et al 2006 , Dance et al 2000b , a considerable number of low energy photons remain and filtration is limited by the resulting low fluence rate. Previous investigations in the field of 2D mammography demonstrated that the contrast of objects such as lesions or contrast media can be enhanced considerably by using monochromatic xrays in the range of 17 keV to 24 keV instead of polychromatic beams (Hoheisel et al 2005 , Diekmann et al 2004 at much lower doses (Baldelli et al 2003 , Baldelli et al 2004 , Baldelli et al 2005 , Yoon et al 2012 .Photons with energies higher than 24-25 keV penetrate the soft tissue deeper and are more probable to undergo Compton scatter while the probability of undergoing photoelectric effect decreases, resulting in mammograms with reduced contrast. On the other hand, photons with energies below 17 keV are more readily absorbed in the soft tissues. Therefore, at lower energies, in order to obtain adequate transmission through the breast and produce an image with an acceptable signal to noise ratio, more incident radiation must be used, resulting in a higher mean glandular dose.
At the same time the use of monochromatic beams may improve appearance of small Cs and mass characterization due to better edge depiction. However, the studies reported up to now are limited by the use of homogeneous mammographic phantoms. Another study that compared monochromatic and polychromatic beams included the use of Monte Carlo techniques and a software anthropomorphic phantom (Muller et al 2011) . This study demonstrated improved contrast and noise characteristics of images acquired with a monochromatic beam compared to those using a polychromatic beam. This is actually the only reported qualitative comparison up to date.
These few studies point to the potential of using monochromatic beams with BT. Simulation and experimental studies that evaluate directly the feasibility of BT with monochromatic beams have not been reported up to date. In particular, critical in this assessment, is the inclusion of noise from both anatomical and quantum noise sources, as both limit mass conspicuity in clinical images. Therefore, the aim of this study is to investigate the impact of using monochromatic beams on image quality for lower dose BT. For this purpose, we performed modeling and simulation of BT and mammography imaging processes and evaluated the results in terms of signal-difference-to-noise ratio, contrast and a figure of merit equal to the signal-differenceto-noise-ratio normalized by the square root of the mean glandular dose.
Materials and Methods
2.1. Software Phantoms 2.1.1 Simple phantom-A 4 cm thick software phantom with a homogenous background of 50% glandular and 50% adipose tissue has been designed (figure1(a)) with the in-house developed software XRayImagingSimulator . The value corresponding to each voxel is determined by the tissue dominant in the voxel. The voxel size is 0.1 mm in each direction. Figure 1(b) shows an ideal projection image of the square phantom obtained with a 19keV monochromatic beam, showing the features of interest that are placed in the middle plane of the phantom (at 20 mm above the phantom base). These features are Cs and breast masses of various sizes and densities. Their characteristics are described in detail in table 1.
CT breast phantom-
A 3D software breast model with realistic breast tissue distribution was created from slices, obtained from a dedicated breast CT scanner at the Department of Radiology and Imaging Sciences at Emory University (Atlanta, Georgia, USA). Initially, the data were de-noised and segmented in order to obtain a compositional breast model composed of skin, glandular, and adipose tissues (Yang et al 2011 . The voxel size of the 3D breast model was 0.28 mm in each direction; the whole breast volume was calculated to be 380 ml, placed in a 3D matrix with size of 175 × 48 × 134 mm 3 . The glandular portion occupied 37% of the breast volume. A compressed version was created from this volume using the compression algorithm (Zyganitidis et al 2007) . The compression plates were placed at a position to generate a breast with 4 cm compressed thickness. For densities ρ gland =1.04g/cm 3 and ρ adipose =0.93g/cm 3 , (Hammerstein et al 1979) the mixture by weight of glandular and adipose tissue for this phantom was found to be 40% and 60%, respectively. Further, four clusters of Cs and a water insert, simulating a breast mass with irregular margins (generated using the methodology presented in Hintsala et al 2010) were inserted within the 3D computational breast model, all placed in the middle of the phantom (at 20mm above the phantom base). Figure 2 (a) presents schematically the arrangement of the breast abnormalities inserted in the volume, while figure 2(b) shows a noise-free projection image of the breast phantom obtained with a monochromatic beam of 19 keV, using the analytical module of the XRayImagingSimulator . This projection image depicts the breast tissue, the breast lesion and four groups of Cs with gradually decreasing diameters of 1.3, 1, 0.4, 0.2 mm. The characteristics of the phantom are summarised in table 1.
Acquisition Simulation
The acquisition geometry for the simulation of BT, shown in figure 3(a), was equivalent to that of the Siemens Mammomat Inspiration System. The acquisition scan included 25 equally spaced x-ray projection images simulated within a limited arc of 50°. Source-toisocenter distance (SID) was 600 mm, while source to detector distance (SDD) was 665 mm. Images with a size of 480 × 480 square pixels with a pitch of 170 μm were simulated for the simple phantom and images of 800 × 800 square pixels with a pitch of 200 μm were simulated for the complex heterogeneous phantom, respectively (table 2). The pixel dimensions were chosen as a trade-off between computational time and resolution of objects on images that should be enough for performing image quality evaluation. In addition, images of selected regions of interest (ROIs) from the simple homogeneous phantom were simulated with higher resolution, i.e. 50μm. This pixel resolution was chosen as a realistic resolution that may be obtained at synchrotron facility.
X-ray interactions in both breast models were simulated using an in-house developed Monte Carlo x-ray simulation software package . This program has been reworked for voxel based phantoms and adjusted for mammography simulations (Bliznakova et al 2005 . The program followed the histories of single photons, emitted from the x-ray source as they pass through the breast phantom and then reach the detector. Photon transport is modelled based on the Monte Carlo method. The distance between two successive interactions is sampled, based on the relevant attenuation cross-sections, accounting for the different media along the photon path. For the used mammographic x-ray energy range, three interaction processes are considered, i.e. the photoelectric effect, the coherent and the incoherent scattering. Any time an interaction occurs, inside the phantom, one of the three interaction processes is selected by random sampling, according to the relative cross-sections of the processes at the specific photon energy and medium (Lazos et al 2003) . The dose is calculated in Cartesian voxels as described previously. The energy deposited by photons and electrons in each voxel that contained gland tissue is accumulated and consequently is divided by the mass of this voxel. This results in a total glandular dose per voxel. The total mean glandular dose (MGD) was computed by averaging all dose per voxel values over the entire glandular volume as described in Yi et al (Yi et al 2011) . For the homogeneous case, each voxel of the breast volume that does not contain simulated abnormality, was comprised by a mixture of 50% adipose and 50% glandular weighted by mass. Based on that, the MGD was scored. To speed up the simulations, parallel execution on GPU was adapted. With this configuration, the time needed to produce a synthetic mammogram of the simple and complex phantoms for the highest photon fluence was 10 and 30 hours, respectively.
The synthetic mammograms simulated with this acquisition geometry, represent 2D spatial distribution of the energy of the x-rays that pass the breast model and reach the front part of the detector. The images are synthesized for a monochromatic beam of 19keV and for a common 28kVp tungsten (W) target and 50μm rhodium (Rh) filter mammographic spectrum (Boone et al 1997 , Boone 1998 ) with a mean energy of 18.8 keV and a first HVL=0.454 mm Al. In both monochromatic and polychromatic cases, the total number of photons was kept the same and equal to 1.62×10 7 photons/mm 2 . The spectrum representing the distribution of the number of photons per energy level is shown in figure 3(b). In the case of BT, the total number of photons used for the 2D mammogram was equally distributed in the 25 projection images. Additional levels of incident photon fluence were simulated as listed in table 2. In the present x-ray simulations, an ideal detector was assumed, while an anti-scatter grid and compression plates were not considered.
Entrance surface air kerma (ESAK) is calculated as the photon fluence after the filter (photons/mm 2 ) over the photon fluence per mR in air and then converted to mGy.
In addition to estimating the MGD from our Monte Carlo simulations, we also estimated MGD for all simulated image acquisitions using previously published models. For monochromatic beams, the MGD was calculated as MGD=ESAK × g, where g is the incident air kerma to MGD conversion factor from Boone et al (Boone 2002) . For polychromatic beam, the MGD was calculated as MGD=ESAK × g × c × s from Dance et al (Dance et al 2000a) . In this model, the factor c corrects for any difference from 50% glandularity in breast composition, and s corrects for any difference from the original tabulation by Dance (Dance 1990 ) due to the use of a different x-ray spectrum factor. Specifically, the c value for 40% glandular tissue was estimated by linear interpolation between the g values provided for 25% gland and 50% gland and the s factor was set to 1.042 for the W/Rh spectrum.
A simple backprojection method was used as a tomosynthesis reconstruction algorithm. The method has been realized in an in-house developed software platform, dedicated for x-ray imaging reconstructions. Projection filtering prior to the reconstruction was not applied. Tomosynthesis slices were separated by 1 mm.
Image quality evaluation metrics
The variation of several image characteristics: signal difference to noise ratio, contrast and figure of merit is investigated for all images.
The signal difference to noise ratio (SDNR) is defined as: (1) where μ̄f is the average value of the feature, while μ̄b k and σ bk are the average and standard deviation values of the background, respectively.
The contrast (C) is calculated as:
(2) For a given beam quality, if the system is quantum limited, SDNR is proportional to the square root of the incident exposure to the breast or to the MGD. Therefore, in this study we used the following figure of merit (FOM) to normalize the SDNR by the MGD in order to allow the comparison of results derived from different dose measurements.
(3)
For the homogeneous phantom, the average value μ̄f was calculated over a circular ROI inside each feature with a diameter of 35 pixels (5.8mm), 25 pixels (4.2mm) and 4 pixels (0.7mm)for the water insert (6mm diameter), the glandular mass (5mm) and the Cs (1mm), respectively. The properties of the background (μ̄b k and σ bk ) were evaluated for asquare area of 60×60 pixels (10×10mm 2 ) located between the water insert and the two bigger glandular masses. In the case of the heterogeneous phantom, the background ROI analyzed was a rectangular 30×40mm 2 area of breast tissue located in the space between the chest wall and the groups of Cs. For the water insert simulating an irregular mass (8.5mm), a circular ROI of 5.5mm diameter inside the feature was analyzed and the mean value of the pixels was calculated as μ̄f. Similarly, for the Cs, circular ROIs inside each feature were defined. For Cs belonging to the two bigger groups (1.3mm and 1mm), μ̄f for each feature was calculated from the mean value of the pixels inside ROIs of diameters 0.8mm and 0.6mm respectively. For Cs belonging to the two smaller groups, areas that contained each feature were defined and the maximum value was extracted and used asμ f in each case. Table 3 summarizes the ESAK values and the mean glandular dose estimations using the previously published models and our own Monte Carlo simulations.
Results and Discussion

Dose evaluation
Our Monte Carlo estimates were close to the estimations using the Dance and Boone models (table 3) . Dose calculations revealed that for equal exposure, ESAK was higher for polychromatic case by 17% compared to monochromatic, while the MGD values were very similar.
Polychromatic versus monochromatic beams for equal incident photon fluence
Simple phantom-A comparison of 2D mammographic images and BT slices
obtained with monochromatic 19 keV and polychromatic 28 kVp x-ray beams is shown in figure 4 . These images have been acquired using the simple phantom with photon fluence of 1.62×10 7 photons/mm 2 and detector pixel size equal to 170×170 μm 2 . Regions of interest from 2D projection images with monochromatic 19 keV and polychromatic 28 kVp obtained for a detector pixel size of 50 μm and the same photon fluence of 1.62×10 7 photons/mm 2 are shown in figure 5.
It can be observed from figures 4 and 5 that images obtained with monochromatic and polychromatic beams are similar in their visual appearance. However, in case of monochromatic beam, the breast masses are characterized with improved detection and visualization for both mammography and BT. These large low-contrast features have attenuation coefficients close to that of the breast tissue, which makes it harder to distinguish them from the background compared to the group of Cs. The in-plane resolution of the system, measured using the Cs in the phantom, was similar when using monochromatic and polychromatic beams (slightly better for monochromatic with 5% smaller FWHM). Additionally, an 11% improvement in depth resolution was found for the monochromatic beam. Further, features in 2D images and tomosynthesis slices were evaluated quantitatively by calculating SDNR, C and FOM for both monochromatic and polychromatic x-ray beams. Figures 6(a) -6(c) show the corresponding SDNR, C and FOM graphs of the spherical water insert (6mm), glandular mass (5mm) and group of Cs (1mm) visible on the 2D images and BT slices. For the case of Cs, the values that are presented correspond to the average values of the four Cs. The quantitative results presented are for images acquired with 1.62×10 7 photons/mm 2 and pixel size of 170 μm.
The quantitative analysis shows that monochromatic beam results in higher image quality compared to polychromatic for all figures of merit (SDNR, C and FOM) confirming the visual observations. The percentage of the SDNR improvement of monochromatic over polychromatic is similar for both 2D and BT sets (slightly higher in case of BT) and varied between 14%-23% with the highest benefit observed for the water mass and less improvement for the Cs group. The corresponding FOM values were increased by 12% for the group of Cs, 13% for the glandular mass and 20% for the water insert, while the improvement in C values was higher and ranged between 15%-22%.
The comparison between BT and 2D imaging showed lower C values for BT compared to 2D case. However, BT performed with monochromatic beam, has comparable or higher (in case of the masses) C values than polychromatic 2D conventional mammography. figure 7 shows the 2D and the tomosynthesis slices for the heterogeneous CT-based breast phantom obtained with simulation of monochromatic and polychromatic beams with a photon fluence of 1.62×10 7 photons/mm 2 and detector pixel size equal to 200μm.
CT breast phantom-Similarly to the simple breast phantom case,
It can be observed that the visibility of the features of interest, and especially of the lowcontrast mass, is much improved in the BT images compared to the 2D in the case of the heterogeneous breast phantom. Overlying breast anatomy in 2D images hides the borders and shape of the mass and makes it difficult to detect its irregular shape which is very important for the characterization of the lesions. Moreover, acquisition with the monochromatic beam resulted in increased contrast and thus better detection and visualization of all features. The benefit of BT in case of breasts with heterogeneous background can be seen in the results shown in figure 8 . Apart from the visual improvement that was observed in the images, quantitative analysis confirms the improvement with an increase in SDNR values for the case of water insert and groups of Cs. Unlike SDNR, the C values are reduced in BT compared to 2D, but still monochromatic BT is better than polychromatic 2D, similarly to the case of simple homogeneous breast phantom.
Although the use of a monochromatic beam improves image quality, in the case of heterogeneous phantoms, both the lesions and the anatomical structure of the background are enhanced, the latter increasing the standard deviation of the background. This can explain the lower SDNR and FOM improvement of monochromatic images compared to the case of simple phantom (homogeneous background), despite the improved visibility of the features of interest in both cases. Thus, for the case of the breast phantom with realistic tissue distribution, the use of monochromatic beam demonstrates benefits mainly in C. An increase of 33.4% and 17% is achieved from the monochromatic BT compared to the polychromatic BT for the low-and high-contrast features, respectively. The corresponding contrast improvement between monochromatic and polychromatic acquisitions in the 2D case is similar, i.e. 30.7% and 15%.
Low dose tomosynthesis. Simulation studies with different ESAK
Initial results suggest that the improved image quality of using a monochromatic beam could allow for acquisitions with lower doses. Visual comparison showed that in all cases, features were better visualized in monochromatic images compared to the polychromatic ones of the same photon fluence as in the case demonstrated in figure 4 for 1.62×10 7 photons/mm 2 .
As can be seen in figure 9, SDNR improves with the increase in the MGD as expected, while the C was found to be almost constant (data not shown due to the very close values for the five doses evaluated and not affected with the dose increase).
The SDNR-dose graphs show that by using monochromatic beam, we can achieve SDNR values comparable to polychromatic acquisition but with lower MGD (and ESAK). Specifically, comparable SDNR values for the case of breast masses and Cs can be obtained when using monochromatic beam with an incident exposure that results in a MGD that is 1.5 times lower than when using a polychromatic beam.
The above quantitative results are well demonstrated in figure 10 . Specifically, figures 10(a) and 10(b) show the monochromatic and polychromatic BT slices corresponding to equal incident photon fluence of 2.43×10 7 photons/mm 2 with the former showing advantage in feature visualization and image quality, as discussed in section 3.2.1 (for equal photon fluence of 1.62×10 7 photons/mm 2 ), while figure 10(c) is the monochromatic BT slice acquired with the lower incident photon fluence of 1.62×10 7 photons/mm 2 . This image has comparable noise characteristics to the polychromatic one and also an increase of 15-22% in C for the different features evaluated, achieved with MGD that is 1.5 times lower than the MGD obtained with the polychromatic beam.
Similarly, images acquired using these two different exposures for the complex phantom, are presented. Figures 11(a) and 11(b) show the polychromatic 2D and BT images corresponding to 2.43×10 7 photons/mm 2 , while figure 11(c) is the monochromatic BT image simulated with lower incident photon fluence (1.62×10 7 photons/mm 2 ) that resulted in lower (1.5 times) MGD.
The comparison between the polychromatic BT and the monochromatic BT (figures 11(b) and 11(c)) shows comparable noise characteristics and a C improvement of 33% and 17% for the mass and the Cs, respectively for the case of monochromatic BT with an incident exposure that results in a lower (1.5 times) MGD compared to the polychromatic BT.
The results obtained in these simulations are encouraging for the development of a tomosynthesis system based on monochromatic beams. Such a preclinical setup has been already accomplished at Elettra and was used in our previously reported study (Malliori et al 2012) . In that case, the phantom was placed on a stage that moved vertically during each image acquisition and rotated in order to obtain images at each specified angle. Presently, at the SYRMEP beamline at Elettra, a synchrotron radiation clinical program in mammography is running. For the purposes of the program, in the patient room, the patient lays prone on a high precision movement support, which includes a special opening for the breast with the size and shape of the aperture consistent with the chest anatomy. The movement system is equipped with three motion stages: horizontal for positioning, vertical for scanning and rotational along an axis perpendicular to the beam for oblique breast projection (Abrami et al 2005) . This setup may be applicable for breast tomosynthesis.An important limitation factor could be resolution loss and possibly motion artifacts due to breast movement during table rotation. Usually acquisition of one projection image takes a few seconds; thus a set of 11 or 15 images may take up to 3-4 minutes. For such a relatively long image acquisition time, avoiding or correcting for motion could be challenging. Although such challenges currently exist, future technological advances could lead to the realization of monochromatic breast tomosynthesis imaging systems at synchrotron facilities.
Conclusions
In this study the impact on image quality of using monochromatic beams for BT imaging was investigated. Results indicate that monochromatic beams could enable a reduction of dose in tomosynthesis without compromising image quality in terms of SDNR or could even result in an increase in C. Monochromatic images can provide better detail and tissue differentiation and in combination with BT can lead to improvement in mass detection and visibility of borders, which is important for the characterization of the masses, especially when they are spiculated. Overall, monochromatic BT results in improved image quality compared to conventional mammography (polychromatic 2D) in most features evaluated, in addition to providing useful depth information. Simple phantom: (a) Schematic presentation of the arrangement of features in the phantom. Features 3-6 are low-contrast objects that approximate breast masses, 2 is a group of highcontrast objects that represent Cs, 1 is the breast tissue of the homogeneous phantom of 50% glandularity (dimensions are specified in detail in Table 1 ); (b) noise-free projection image of the phantom. Software breast model from patient breast CT slices: (a) Schematic representation of abnormalities included in the phantom: 2 is a water insert representing an irregular breast mass, 3-6 are groups of Cs and 1 is the breast tissue of the heterogeneous phantom of 40% glandularity; (b) noise-free 2D mammographic image simulated at craniocaudal view, showing the breast tissue composition, the irregular lesion and the four groups of Cs. ROIs from simulated 2D projection images of the simple phantom obtained with monochromatic 19keV (left) and polychromatic 28kVp (right) beams, for photon fluence of 1.62×10 7 photons/mm 2 . Detector pixel size was 50μm. Evaluation performed on 2D and BT images of the simple phantom acquired with monochromatic and polychromatic beam (photon fluence of 1.62×10 7 photons/mm 2 and pixel size was 170 μm).SDNR, FOM and C graphs for (a) water insert with size of 6mm, (b) glandular mass with size of 5 mm and (c) Cs with size of 1mm. Evaluation of SDNR for different MGD MC levels for 2D and BT images with monochromatic and polychromatic x-ray beams for the simple phantom (a) water insert, (b) glandular mass and (c) group of Cs. b
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